Superconducting critical fields of Ko.sFe2Se2 single crystal 
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Abstract 

We report the results of an experimental study of dc and low frequencies magnetic properties 
of Ko.sFe2Se2 single crystal when the dc magnetic field is applied parallel to the ab plane. From 
the data obtained, we deduce the full H-T phase diagram which consists of all three H c i(T), 
Hc2(T) and H C 3(T) critical magnetic field plots. The two H c i(T) and H C 2(T) curves were obtained 
from dc magnetic measurements, whereas the surface critical field H C 3(T) line was extracted by ac 
susceptibility studies. It appears that near T c , the H C 3(T)/H C 2(T) ratio is 4.4 which is much 
larger than expected. 

PACS numbers: 74.25.F-, 74.25. Op, 74.70.Ad 

Over the last four decades the ternary netic moment on the Fe sites, and determined 
intermetalic compounds, which crystallize that the Nd sublattice is antiferromagneti- 
in the body-centered tetragonal ThCr 2 Si 2 cally (AFM) ordered at ~ 16 K, with 
(space group I4/mmm), have been of great the moments aligned along the c axis [2]. 
interest due to the variety of physical phe- 
nomena observed in these materials. As A t high temperatures both BaFe 2 As 2 and 
early as 1973, both magnetic and Mossbauer MFe 2 Se 2 (M=K ,Rb Cs, Tl/K and Tl/Rb) 
(MS) effect spectroscopy studies suggested pristine materials also crystallize in this 
thatinRFe 2 M 2 (R=rare-earth, M=SiorGe), tetragonal ThCr 2 Si 2 type structure. The 
the Fe ions are diamagnetic [1]. Indeed, common properties of these systems are that 
neutron powder diffraction measurements on the Fe-As and Fe-Se layers exhibit long-range 
NdFe 2 Si 2 confirmed the absence of any mag- three-dimensional AFM order at T N f»140- 

150 K and » 520 - 550 K, with Fe 2+ mo- 
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ment of 0.87(3) /x^/Fe or 3.3 /i_e/Fe respec- 
tively. In BaFe 2 As 2 the Fe moments are 
aligned within the ab plane [3] whereas in 
MFe2Se2 they are along the c-axis [4]. Also 
associated with or preceding the magnetic 
transition is a structural transition: tetrag- 
onal to orthorhombic for the pnictides, and 
tetragonal (I4/mmm) to another tetragonal 
(14 /m) structure for the Fe-Se based ma- 
terials. The major difference between the 
two systems, noticeable from several types 
of measurements, is that in the Fe-As based 
materials the temperature composition com- 
plex phase diagrams show a generic behavior 
as a function of the substituent concentra- 
tion (x). This implies a systematic suppres- 
sion of the magnetic transition by increas- 
ing x by either electrons or holes [5]. Then, 
above a critical concentration (which depends 
on the substituent), SC is observed. Indeed, 
partial substitution of Ni or Co for Fe in 
BaFe 2 As 2 induces superconductivity (SC) in 
the Ba(Fei_, c NL I .)2As2 and Ba(Fei_ :r Co x )2As2 
systems [5, 6]. On the other hand, the non- 
stoichiometric M x Fe 2 - x Se2 materials also be- 
come SC around 30-33 K, but the AFM state 
persists even at low temperatures. That 
means that in M x Fe2- x Se 2 a real coexistence 
of the two states occurs, since both states are 
confined to the same Fe-Se crystallographic 
layer [7]. This peculiar property marks such 
a system as a very unique one and opens a 



new avenue for the study of the interplay be- 
tween magnetism and superconductivity. 

So far, the bulk upper critical magnetic 
field (H c2 ) for SC M ;c Fe2- 2: Se2 single crys- 
tals have been determined over a wide range 
of temperatures and magnetic fields. For 
K .8Fei.7 6 Se 2 , the field dependence of the re- 
sistivity at low dc fields (H ) and the radio 
frequency penetration depth in pulsed mag- 
netic up to 60 T, exhibit an anisotropy in H c2 
when measured along or perpendicular to the 
c-axis [8]. Generally speaking, a linear tem- 
perature dependence of H c2 in both directions 
is observed and the slope close to T c is higher 
for H parallel to the ab plane. The initial 
anisotropy factor 7 is ~ 2 [8]. Similar re- 
sults were obtained for Tl 58 Rbo^Fex 72 Se 2 , 
where the extrapolation to T=0 yield H c2 (0) 
221T and 44.2 T (an anisotropy 7^5) for 
H parallel or perpendicular to the ab plane 
respectively [9, 10]. 

In this communication, we report on the 
temperature dependence of the three critical 
fields H c i, H c2 and H c3 in Ko.8Fe 2 Se 2 single 
crystal (T c 31 K) measured in a magnetic 
field applied parallel to the ab plane. Both 
H cl (T) and H c2 (T) plots were deduced from 
dc field isothermal M(Ho) curves. In addi- 
tion, the M(H ) curve at 35 K (above T c ) 
is not linear as expected for an AFM ma- 
terial, but rather exhibits a small peculiar 
hysteresis loop which is shifted from the ori- 



gin, known as the exchange biased field phe- 
nomenon. These observations are compared 
with earlier reports on similar materials. A 
H c3 (T) plot was obtained by ac susceptibil- 
ity measurements. It appears that near T c 
H C 3/H C 2 ~ 4.4, a value which is much higher 
than the 1.7 predicted for conventional SC 
material [11]. 

A single crystal of K .8Fe 2 Se 2 was grown 
by the conventional high-temperature flux 
method and its actual composition was deter- 
mined by crystal structure refinement of the 
powder x-ray diffraction pattern (XRD). De- 
tailed description of the crystal growth pro- 
cedure and lattice pareameters can be found 
in Ref [7]. The size of the triangular-shaped 
sample is 7 mm (width), 3 mm (height) and 
1.5 mm (thickness). The crystal plate is per- 
pendicular to the c lattice axis. The temper- 
ature and/or field dependence of the dc mag- 
netic moment was measured in a commer- 
cial MPMS5 Quantum Design SQUID mag- 
netometer. Prior to recording the zero-field- 
cooled (ZFC) curves, the SQUID magne- 
tometer was always adjusted to be in "true" 
H = state. The ac susceptibility x' 
and x" was measured with the pick-up coil 
method [12] at amplitude ho =0.05 Oe and 
frequency 1465 Hz. The sample was inserted 
into one coil of a balanced pair. The ampli- 
tude and phase of the unbalanced signal were 
measured by a lock-in amplifier in a point-by- 
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FIG. 1: (Color online) ZFC and FC plots mea- 
sured at 11.5 Oe. 

point mode. The " home-made" measurement 
cell of the experimental setup was adapted 
to the SQUID magnetometer. The block- 
diagram of this setup was published else- 
where [13]. 

(i) M(T) curves. The ZFC and 
field-cooled (FC) magnetization curves of 
K .8Fe2Se2 were measured at 11.5 Oe and are 
depicted in Fig. 1. The ZFC branch shows a 
diamagnetic transition at T c = 31.0 ±0.5 K. 
This transition is not sharp (as expected for a 
single crystal SC) and it is similar to inhomo- 
geneous materials with a distribution of T c 
related to the small spread of stoichiometry 
inside the sample. The estimated shielding 
fraction is about -1/4tt emu/cc. 

(ii) Isothermal M(Hq) curves. Isother- 
mal magnetization curves have been mea- 
sured at various temperatures and selected 
M(H ) plots measured at 5, 20, 26 and 29 K 
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FIG. 2: (Color online) Ascending and descend- 
ing branches of M(Ho) curves at various temper- 
atures. 
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FIG. 3: (Color online) H-T phase diagram. In- 
set: Temperature dependence of H c i. 

are shown in Fig. 2. In the Meissner state, 
the M(Hq) curves are linear and H cl (T) is 
defined as the field in which M(H ) deviates 
from linearity. Temperature dependence of 
H cl is plotted in Fig. 3 (inset). H cl (T) de- 
creases with T and to obtain the lower crit- 



ical field at T=0 we used the conventional 
relation H c i(T) = H c i(0)(l-(T/T c ) a ) which 
yields: H cl (0) « 130(5) Oe and a « 4.3. This 
a is much higher than that expected for con- 
ventional BCS materials. 

The criterion for determining the upper 
critical field H c2 (T) requires consistency, and 
no one method is entirely unambiguous. The 
H C 2(T) values were obtained by two meth- 
ods: (i) M(T) plots were measured under 
various applied field (not shown) and H c2 (T) 
was defined as the disappearance of the neg- 
ative signal of the ZFC branches, see Fig. 1. 
(ii) The H C 2(T) data were extracted from 
Fig. 2, as the fields where the irreversibil- 
ity disappears. Both methods yield basically 
the same results presented in Fig. 3. By 
using the well known Werthamer-Helfand- 
Honenberg (WHH) formula [14]: H c2 (0) = 
-O.Q9T c (dH c2 /dT), where, T c « 31 K and 
the linear slope (close to T c ) dH C 2/dT is - 
9 kOe/K, Fig. 3. H c2 (0) obtained is 193±6 
kOe, a value which is an order of magni- 
tude smaller than that estimated for the 
same orientation in Tlo.5sRbo.42Fei.72Se2 [7] 
and K0.8Fe1.gSe2 [8]. It is well accepted that 
the WHH formula is valid for one-band su- 
perconductors and that H c2 (0) might be ef- 
fected by the complicated multiband struc- 
ture as observed in various Fe-Se crystals [15] . 
Hence, this H c2 (0) is just a rough estimation. 
An accurate value can only be achieved by 



applying high enough magnetic fields. 

Using the Ginzburg-Landau (GL) relation 
for the coherence length: £ = ($ /2vrif c2 ) 1 / 2 , 
we obtained for K .8Fe2- y Se2 £(0) ~ 10 nm. 
In order to estimate the second char- 
acteristic length, namely the penetration 
depth A(0), we use the useful relationship: 
2if c i(0)/# c2 (0) = (ln(/t) + 0.5) /k 2 , where 
k = A(0)/£(0) is the GL parameter. Solving 
this equation numerically we obtained k w 58 
from which A(0) ~ 580 nm is deduced. 

From the experimental hysteresis loop 
width the critical current density (J c ) can 
be estimated by using the Bean critical state 
model: J c = 20AM/a(l - a/36), where AM 
is the magnetization loop width at a given 
Ho, and a and b are the crystal dimensions 
perpendicular to H where a<b. At 5 K 
for H = 10 kOe the estimated J c is « 10 3 
A/cm 2 , a value which does not change much 
with field (up to 50 kOe) and agrees well 
with Ref. [16, 17]. Of course, this estimate 
value is very crude, but shows that the cur- 
rent sample cannot support large critical cur- 
rents even at low temperatures. 

At 35 K (above T c ) at low H , the M(H ) 
curve is not linear as expected for an AFM 
material (see Ref. [17]) and may contain an- 
other minor ferromagnetic (FM) component 
as an extra phase not detectable by XRD 
(Fig. 4). At high H M(H ) is composed 
of a linear (xh x H ) and a saturation Ms 
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FIG. 4: (Color online) Magnetization curves in 
a normal state, T = 35 K. The inset shows the 
shifted hysteresis loop obtained at low Ho- See 
text. 

term. In accordance with the estimation, 
Xh ~ 7.4 x 10~ 6 emu/g x Oe. Subtracting 
the linear part yields the saturation moment 
Ms = 0.033 emu/g, which is attributed to 
0.015 % of pure iron. Indeed, the presence of 
pure Fe was confirmed by our 57 Fe MS studies 
performed on the same crystal, to be pub- 
lished elsewhere. Irreversibility in M(Ho) is 
observed at low Ho, and the hysteresis loop 
obtained is shown in Fig. 4 (inset). This 
loop is not symmetric relative to the origin 
and is known as the exchange-bias (EB) phe- 
nomena [18, 19]. EB is associated with the 
exchange anisotropy created at the interface 
between an AFM and a FM materials. The 
main information deduced from this hystere- 
sis loop is: the magnetic coercive field H c = 
130 Oe and exchange bias E^ =65 Oe which 



is the loop shift from the origin. The discus- 
sion on EB is beyond the scope of the present 
paper. However we may intuitively assume 
that this phenomenon is caused by the FM 
Fe particles immersed in the AFM matrix. 

It is well accepted that ac susceptibility 
studies are a powerful tool for determining 
of the surface superconducting states (SSS) 
including determination of the surface criti- 
cal field H c3 (T), see [20, 21] and references 
therein. A comparison between dc M(H ) 
and ac susceptibility measurements is de- 
picted in Fig. 5. Fig. 5a shows the ascending 
and descending M(H ) curves measured at 29 
K and ascending M(Ho) curve at 35 K from 
which H c2 can easily determined (with the ac- 
curacy of ±1 kOe) as discussed above. Note 
that the plot measured at 35 K, coincides 
with the reversible data collected at 29 K. 
On the other hand, the real x' an d the imag- 
inary x" ac susceptibility plots, measured un- 
der the same conditions, demonstrate clearly 
the existence of SC up to H c3 > 50 kOe 
which is well above H c2 w 13 kOe. Two 
more examples of determining H c3 from x'(T) 
and x"(T) measured at H = and 50 kOe 
are presented in Fig. 6. Here we can obtain 
T c (if ) with an accuracy about ±0.5 K. From 
the obtained data H c3 (T) was deduced and 
shown in Fig. 3. Note that at H = the 
value obtained is T c . The slope of the H c3 (T) 
curve near T c is ~ —40 kOe/K. Therefore 



the H c3 /H c2 ratio is « 4.4, a value which is 
much larger than the 1.7 predicted for single 
band conventional superconductors. In sev- 
eral publications, H c2 (T) was deduced from 
resistivity and/or ac susceptibility measure- 
ments. Indeed, these studies provide accu- 
rate H c2 (T) values when the dc field is applied 
perpendicular to the ab crystal plane. In 
this geometry, the nucleation of the SC state 
starts at H < H c2 [11]. On the other hand, 
for H parallel to ab plane, this nucleation 
starts at H c3 which is always higher than 
H c2 [11, 20, 21]. For this geometry, H c2 (T) 
can be determined from bulk measurements 
such as dc M(H ) (see Fig. 5a) and/or specific 
heat capacitance studies. Therefore the high 
H c2 (T) values reported for Hq parallel to ab 
plane in Ref. [7, 8] and in several other pub- 
lications, are presumably the surface H c3 (T) 
plots. This issue needs more consideration. 

In summary, we have performed dc and 
ac magnetization measurements from which 
all three critical fields for the SC K a8 Fe 2 Se 2 
single crystal are determined. Evaluating 
H a (0) « 130 Oe and H c2 (0) « 193 kOe 
permits us to calculate the coherence length 
£(0) ~ 10 nm and the penetration depth 
A(0) ~ 580 nm. Our ac susceptibility study 
provides for the first time the determination 
of H c3 (T) for the tt parallel to ab plane. The 
high H c3 /if c2 ~ 4.4 obtained needs more con- 
sideration. 
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FIG. 5: (Color online) Panel a: Magnetization 
curve at T= 29 K and 35 K. Panel b: Field de- 
pendencies of x' an d x" at T = 29 K. 
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FIG. 6: (Color online) Temperature dependen- 
cies of x' an d x" at Hq = and 50 kOe. 
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